The increase in demand for energy has made Photosystem I (PSI), which can convert solar energy into a charge separation with an efficiency near unity, a topic of great research interest. Redox mediators play an important role in the optimization of PSI based electrode systems. Profound understanding about how these mediators impact the photo-induced current of these bio-hybrid systems is necessary. Here we report the investigation of various mediators with formal potentials (E 0 ) that span the two electron transfer (ET) sites of PSI (E 0 from 0.48 to −0.65 V vs. Ag/AgCl). The present results have demonstrated that mediators with more positive formal potentials produced larger photocurrents. Ferricyanide was found to be the most effective mediator in this system at equilibrium potential, with a photocurrent density of 900 nA/cm 2 . Additionally, the effects of the mediators' light absorbance and concentration properties have been studied. The mediators with light absorbance that overlap with the Qy band were found to have a more significant effect on photocurrent generation than mediators with absorbance overlap with the Soret band. This thorough study of these mediators facilitates PSI based applications, and offers a method to optimize bio-circuit devices that involve redox mediators. Photosystem I (PSI) is a protein complex located within the thylakoid membrane of green plants and cyanobacteria.
Photosystem I (PSI) is a protein complex located within the thylakoid membrane of green plants and cyanobacteria. 1 It has drawn the attention of researchers due to both its ability to convert absorbed solar energy into a charge separation with near-unity quantum efficiency and its inspiration for biomimetic alternative energy approaches. The key questions in utilizing this protein complex in power conversion devices include how to immobilize it onto electrodes while maintaining functionality and how to get the optimal electron transfer (ET) from the active site of PSI after photo-induced charge separation. 2 PSI monolayer and multilayer films have been immobilized on various electrode substrates through self-assembly or genetic modification, and their photo-activity has been demonstrated using a variety of techniques. [3] [4] [5] [6] [7] Photocurrent is an important parameter for the evaluation of whether the PSI reaction centers are used effectively in the artificial environment. However, since the active sites of PSI are buried deep in the protein, the ET rate is significantly decreased, and the direct electron transfer (DET) between PSI and the electrode surface is not favorable. Our groups' first attempt to interface PSI with a gold electrode modified with a self-assembled monolayer (SAM) generated a weak photocurrent in the range of 3 nA cm −2 . 4 Because ET in PSI occurs in less 1 μs, photocurrent densities near 1 mA cm −2 should be expected, assuming an immobilized monolayer of PSI with 0.5 pM cm −2 coverage. 8, 9 By optimizing the electrochemical conditions, we may begin to approach the theoretical photocurrent densities of these systems.
In nature, when PSI in green plants is irradiated, an electron in the P700 reaction center is excited, which then travels down an ET chain to a terminal iron-sulfur cluster (denoted as F B ). Following excitation, the P700 + is reduced by plastocyanin while ferredoxin accepts the electron from F B − , preparing PSI to facilitate ET again upon photon capture. Unfortunately, plastocyanin and ferredoxin are difficult to isolate and cannot be regenerated in a simple artificial system. Thus, freely diffusing redox mediators have commonly been employed. [2] [3] [4] 10, 11 Although these mediators lack the structural characteristics of plastocyanin and ferredoxin, they are able to generate significant amounts of photocurrent, demonstrating the ability of these mediators to diffuse into the docking sites of PSI.
Several methods have been utilized to enhance the photocurrent of PSI modified electrodes. These include increasing the surface area of the electrode by nanoporous gold leaf films, 12 increasing layers of * Electrochemical Society Student Member. * * Electrochemical Society Active Member. z E-mail: d.cliffel@vanderbilt.edu PSI, 3, 13 attempts to wire the reaction centers with gold nanoparticles or other molecular wires, 14 and wiring PSI with solid supports such as photoprecipitated metal colloids and redox polymers. 15, 16 In all of these attempts, redox mediators were employed as electron donors or electron acceptors. Previous work in our group has demonstrated that the choice of mediator has a significant effect on the resulting photocurrent from the biohybrid device. 17 However, there has been no systematic study that compares the mediators in the same environment to offer insights for future application.
Here we investigate how simple and commonly used mediators impact the photocurrent of PSI immobilized on the surface of an electrode. In these experiments, PSI extracted from spinach was deposited onto gold electrodes. The chosen redox mediators have formal potentials that span the two ET sites of PSI:P700 (E P700 = + 0.31 V vs. Ag/AgCl) and F B (E FA/FB = −0.58 V vs. Ag/AgCl). 4 These redox mediators include inorganic complexes, organic compounds, and biological mediators (Table I ). Additionally, combinations of different mediators were examined to investigate possible synergistic effects. Our work reveals several factors that are important to the performance of photoelectrochemical cells and offers a simple method for screening mediators.
Experimental
Materials.-The chemicals were purchased as follows: potassium chloride (KCl), and potassium ferricyanide (K 3 Fe(CN) 6 ) from Fisher Scientific; methyl viologen (MV), 2-aminoethanethiol hydrochloride, sodium ascorbate (NaAsc), anthraquinone-2-sulfonate (AQS), and terephthalaldehyde (TPDA) from Aldrich Chemical; 2-hydroxy-1,4-maphathoquinoe (HQN), hexaammineruthenium (III) (Ru(NH 3 ) 6 Cl 3 ), iodine, methylene blue (MB), potassium ferrocyanide (K 4 Fe(CN) 6 ), and cytochrome C (Cyt C) from SigmaAldrich; and 2,6-dichloroindophenol (DCPIP) from Sigma Life Science; ferrocenylmethyl-trimethylammonium hexafluorophosphate (FcTMA) was prepared according to the method of Mirkin and coworkers. 18, 19 PSI extraction and purification.-PSI complexes were extracted from baby spinach as described previously. 4, 13, 20 Briefly, thylakoid membranes were isolated via maceration followed by centrifugation using the method of Reeves et al. 21 coupled with several adaptations made by Ciobanu et al. 4 Second, PSI complexes were separated from the thylakoid membranes by additional centrifugation followed by purification using a chromatographic column packed with hydroxylapatite. 20, 22 Aliquots of 1 mL of the column eluent were then dialyzed in deionized water for 24 h using 10,000 MW cutoff
H316
Journal of The Electrochemical Society, 160 (6) H315-H320 (2013) dialysis tubing (Spectrapore), which reduced the initial concentrations of Triton X-100 (0.5 g L −1 ), Na 2 HPO 4 (0.2 M), and NaH 2 PO 4 (0.2 M) to 0.25 mg L −1 , 0.1 mM, and 0.1 mM, respectively, assuming complete dialysis. The total chlorophyll concentration of the product was determined by the method of Porra et al. 23 to be 5.8 × 10 −5 M with a Chl a/ Chl b ratio of 3.6, and the P700 concentration was determined using the method of Baba el al. 20 to be 1.8 × 10 −6 M, yielding a Chl / P700 ratio of 32.
Preparation of PSI modified gold substrate electrode.-Gold electrodes were cleaned with piranha solution (3:1 concentrated sulfuric acid: 30% hydrogen peroxide) prior to use, rinsed with distilled water and ethanol, and dried by N 2 (g). The clean gold electrode was then immersed in 1 mM 2-aminoethanethiol solution for 1 h, rinsed with ethanol, dried by N 2 (g), and immersed in 1 mM TPDA for another hour, and rinsed and dried again.
The PSI-substrate assembly followed an established procedure, 3 where an aqueous solution of dialyzed PSI was pipetted on top of the TPDA-capped 2-aminoethanethiol SAM. The substrate was then placed in a vacuum chamber, and the liquid in the PSI solution was evaporated with vacuum assistance.
Mediator preparation.-200 μM of each mediator solution was prepared in 5 mM phosphate buffer solution (PBS) and 100 mM KCl solution. The mediators were degassed with nitrogen for at least 30 min before each experiment. Mediators were prepared at 200 μM is to ensure that all mediators could be solubilized at this concentration, and thus are comparable with each other. Mixed mediator solutions were prepared with 100 μM of each mediator.
Photoelectrochemical characterization.-All electrochemical measurements were performed using a CHI 660a potentiostat (CH Instrument, Austin TX). The electrochemical cell is a home-made three electrode system, with the PSI modified gold electrode as the working electrode, Ag/AgCl as the reference electrode, and a platinum mesh as the counter electrode. The working electrode had an exposed surface area of 0.27 cm −2 . Photochronoamperometric data were collected at 0, + 100 and −100 mV overpotentials. The light source was a Gebrauch KL 2500LCD lamp used without any light filters.
UV-Vis spectrometry characterization.-The UV-Vis spectra were collected by a Cary 100 Bio UV-Visible Spectrophotometer dual beam UV-Vis from 350 to 750 nm of the PSI and mediators in phosphate buffer. Most mediators were used at a 200 μM concentration. However MB, DCPIP, and Cyt C were measured at a 4 μM concentration due to their high absorbance coefficients.
Results and Discussion
Photochronoamperometry was applied to study the photoactivity of PSI as well as the interaction between PSI and redox mediators. In photochronoamperometry, a constant potential is applied to the working electrodes and the resulting current is measured as time progresses in dark and light conditions. Fig. 1 is an example of the raw data that is observed at various overpotentials. As seen on the graph, the observed photocurrent is dependent on the overpotential applied during these experiments. The photocurrent density was calculated by the subtraction between light (20-50 s) and dark (0-20 s and 50-70 s) current density, which is defined as J/ (nA/cm 2 ). To eliminate the interference of potential bias, most experiments were performed at 0 mV overpotential, which means that the experiments were carried out at the open circuit potential of the modified electrodes. However, the effect of overpotential on the resulting photocurrent was also investigated in the following sections. the critical potential at which the redox processes occur, and E 0 is always replaced by formal potential (E 0 ) which includes the corrections for solution and electrode conditions, and is characteristic for each mediator. 24 There are several reasons to investigate the effects of the redox mediator E 0 including: (1) it is unique for each redox mediator; (2) it shows the critical energy for mediators to transfer between oxidation states and interact with PSI cofactors; (3) it is a standard reference value to compare to E P700 and E FB . The E 0 for a reversible redox couple was determined as the average of the anodic and cathodic peak potentials from the resulting cyclic voltammetry of mediators on PSI-modified gold electrodes. For mediators whose reversibility could not be observed on a PSI modified electrode, the E 0 values were extracted from the literature. As seen in Table I , the mediators investigated have E 0 values which span the range of the reported redox potentials of F B (−0.58 V vs. Ag/AgCl) and P700 (0.30 V vs. Ag/AgCl). Fig. 2 shows that the photocurrent depends on the relative energy levels (redox potentials) of the PSI redox centers and the E 0 of the solution species. For the PSI-modified gold electrode, there appears to be a trend favoring mediators with more positive E 0 (lower energy). Discrepancies in this trend were observed with MB and DCPIP which may be caused by their high absorbance in the visible spectrum, as described in the next section. The largest photocurrent density was observed by using Fe(CN) 6 3− , which had a photocurrent density close to 900 nA cm −2 . We also observed that metal-based mediators outperform organic compounds. This might be caused by the faster ET rate between metal based mediators and PSI cofactors than that between organic compounds and PSI. Interestingly, these trends seem to be reversed when a p-doped silicon electrode is used, due to the differences between semiconducting and conducting electrodes. 25 Effect of light absorbance of mediators on PSI photocurrent density.-UV-Vis absorption spectrometry was employed to analyze the absorbance of each mediator solution from 350 nm to 750 nm compared to PSI (Fig. 3) . We hypothesized that the mediators absorbing in the same regions as PSI would hinder the observed photocurrent because light absorption is responsible for generating the charge separation in PSI. As the black line in Fig. 3 shows, the absorbance maxima of PSI appear at wavelengths that correspond to the Soret band in the blue region (300-450 nm) and the Qy transition band of chlorophyll a in the red region (650-750 nm). 26 Thus, any absorbance by the mediator in these regions would be expected to have a negative impact on the resulting photocurrent. As shown in Fig. 3 and Table I , the observed photocurrent for mediators with absorption overlap with PSI's Qy transition band (MB, DCPIP, and Cyt C) was significantly lower than expected. Interestingly, when the mediator's absorbance overlaps with PSI's Soret band (FcTMA, ferricyanide, and ferrocyanide) the photocurrent seemed unaffected. One possible explanation is that the Soret band is not critical to the initial electronic transactions that feed excitation energy to P700, the primary reaction center of PSI. This would indicate that the Qy band is more important than Soret band for the photo-activity for PSI.
Effect of overpotential on photocurrent.-In order to further elucidate the relationship between PSI and redox mediators for photocurrent production, photochronoamperometric experiments were performed at positive and negative 100 mV overpotentials. Overpotential (η) is the extent to which the reaction is driven beyond the equilibrium potential, η = E-E eq ; it can be either positive or negative. 27 As shown in Fig. 4 , overpotential nearly always enhances the observed photocurrent. In the case of + 100 mV overpotential, the trend of photocurrent density is very similar with it at 0 mV: higher photocurrent density is observed for the mediators that have E 0 closer to P700. Interestingly, some mediators demonstrated significant photocurrent enhancement as a result of applying a negative overpotential. In the case of DCPIP, the photocurrent at −100 mV overpotential increased approximately 35 fold. Because the dark current significantly increases as well (Fig. 1) , we can assume that the mediator can be directly reduced or oxidized at the electrode as well. In the presence of light, the PSI further catalyzes the reaction to enhance the observed current.
Mixed mediator systems.-In nature, two distinct electron transporters are used to shuttle electrons to and from the active sites of PSI, plastocyanin, and ferredoxin respectively. Thus, in order to simulate this dual ET process, mediators were mixed to investigate the possibility of increasing the efficiency of ET in a similar manner. There are four groups of mediators that were mixed in equal molar fashion for specific reasons in Table II . (1), MV / Fe(CN) 6 4− is of particular 6 3− has not been diluted.
interest because the E 0 of MV is close to ferredoxin, while the E 0 of Fe(CN) 6 4− is close to plastocyanin (see Table I ); (2), Fe(CN) 6 3− / Fe(CN) 6 4−, were chosen because Fe(CN) 6 3−/4− is a well-known redox couple, and provided excellent photocurrent for the PSI-based system individually; (3), DCPIP / NaAsc were selected because they were used frequently in PSI electrochemical studies; 3,9,12,28,29 (4), MV / Cyt C were used because Cyt C is a natural biological electron carrier, and MV has been coupled with Cyt C for an electrocatalysis study of PSI in solution and demonstrated to have a catalytic effect. 10 Assuming that the mediators do not interact with one another, the mixing of different mediators should broaden the active potential range of the system. 30 Among these combinations of mediators, only MV / Fe(CN) 6 4− generated a higher photocurrent density than their individual mediators at 0 mV overpotential. DCPIP / NaAsc showed enhancement in photocurrent at −100 mV overpotential, similar to DCPIP alone. Because NaAsc is a sacrificial electron donor, using it at the same concentration as DCPIP may prevent the system from performing in a cyclic fashion. In fact, most studies that use NaAsc in conjunction with DCPIP have examined at least 20 times more NaAsc than DCPIP. 3, 12, 14, 31 When this ratio was studied the photocurrents observed were higher than the individual components, but not 20 times greater than the lower ratio (data not shown). It is also worth noting that the addition of NaAsc to DCPIP significantly reduced the absorption of the mediator solution (Fig. 5) . The photocurrent enhancement found through the use of combining MV/Fe(CN) 6 4− provides evidence for the indirect electron transfer (IET) process, and suggests that using redox mediators in a biomimetic approach is a viable option for these systems. In addition, when oxygen is bubbled into the MV and MV/Fe(CN) 6 4− solution, the photocurrent density is improved (data not shown), which agrees with the claim that PSI based photocurrent can be enhanced by oxygen, which can facilitate methyl viologen's ET by oxidizing MV + back to MV 2+ . 16 Mediator concentration.-Different concentrations of Ru (NH 3 ) 6 3+ were tested on PSI-modified electrodes to evaluate the relationship between mediator concentration and photocurrent density. 6 3− /4− , (d) MV/ Fe(CN) 6 4− The PSI solution was prepared by diluting the dilalized solution by 50,the PSI absorbance data has been multiplied by 20, and (a) and (b) solution has been dilluted 50 times.
Ru(NH 3 ) 6 3+ was chosen for this concentration study because it is very soluble in water, colorless, its E 0 is nearly halfway between the formal potentials of P700 and F B , and the photocurrent density of Ru(NH 3 ) 6 3+ in the previous experiments was reasonable. While the other studies in this paper were used at a concentration of 200 μM, this study demonstrates that the photocurrent density can be increased by increasing the concentration. In addition, the photocurrent density vs. concentration curve did not plateau until high concentrations were reached, implying that high mediator concentrations can be applied to obtain higher photocurrent densities when mediator cost is not a concern. 
Conclusions
For the first time a series of redox mediators for PSI based system have been investigated that includes inorganic complexes, organic compounds, and biological materials with formal potentials that span the potential difference of P700 and F B . The results demonstrate that the formal potential and oxidation state of the mediator are key factors for photocurrent production. The results also suggest that the mediators' absorbance and concentration have a significant impact on the observed photocurrent density for this biohybrid system. However, none of the mediators tested produced photocurrents at the theoretical magnitude. This is most likely due to the inability for these mediators to efficiently "dock" in the active sites of PSI. The mediator that produced the largest photocurrent at equilibrium potential for the PSI based electrode investigated in this study was ferricyanide. Additionally, the use of a combined mediator system (MV/ferrocyanide) demonstrated the feasibility of a biomimetic approach for this system, and provided evidence for the proposed IET process. This study provides invaluable insights into the properties that researchers should consider while choosing an appropriate mediator for various electrochemical systems. Furthermore, this compilation of ET carriers implicates a useful approach for other bio-circuit systems.
